Reactivation from latency requires reinitiation of viral gene expression and culminates in the production of infectious progeny. The major immediate early promoter (MIEP) of human cytomegalovirus (HCMV) drives the expression of crucial lytic cycle transactivators but is silenced during latency in hematopoietic progenitor cells (HPCs). Because the MIEP is poorly active in HPCs, it is unclear how viral transactivators are expressed during reactivation. We demonstrate that transcripts originating from alternative promoters within the canonical major immediate early locus are abundantly expressed upon reactivation, whereas MIEP-derived transcripts remain undetectable. Further, we show that these promoters are necessary for efficient reactivation in primary CD34+ HPCs. Our findings change the paradigm for HCMV reactivation by demonstrating that promoter switching governs reactivation from viral latency in a context-specific manner.
Reactivation of latent human cytomegalovirus (HCMV) infection poses a life threatening risk to immunocompromised individuals, such as stem cell or organ transplant recipients and those that become immunosuppressed during treatment for cancer (1) . While the HCMV replicative cycle has been studied extensively, our understanding of the mechanisms controlling the entry into and exit from latency is far from complete.
During productive infection, the HCMV genome is transcribed in a temporal cascade comprised of three kinetic classes of gene expression designated as immediate early (IE), early (E), and late (L) (2) . The IE proteins, in particular IE1 and IE2, play critical roles in initiating the HCMV lytic cycle by transactivating the expression of cellular and viral genes, and suppressing the innate immune response (3) . During latency, IE1 and IE2 expression is silenced, resulting in diminished viral gene expression and the absence of productive replication (4) . Signals that stimulate reactivation induce IE1 and IE2 expression to allow re-entry into the viral replicative cycle (5) . Regulation of IE1 and IE2 expression is thus a pivotal event controlling the switch between latent and reactivated states.
The MIEP is highly active in cells permissive for lytic HCMV replication, during which it drives high level expression of mRNAs encoding IE1 and IE2 (6) (7) (8) (9) . In cell types that support HCMV latency, however, such as CD34+ human progenitor cells (HPCs) and CD14+ monocytes, the MIEP is silent (10) (11) (12) . Because signaling events that trigger HCMV reactivation also increase IE1 and IE2 mRNA levels (13) (14) (15) (16) (17) , it has been presumed that de-repression of the MIEP is critical to reinitiate the viral lytic cycle. However, the origin of IE1 and IE2 transcripts during HCMV reactivation has not been formally defined.
To determine if the MIEP does in fact drive the accumulation of IE1 and IE2 mRNAs during reactivation from latency, we measured the expression of IE1 and IE2 transcripts during experimental latency and reactivation in the monocytic THP-1 cell line. THP-1 cells are an established model for studying HCMV latency and reactivation (18) (19) (20) in which reactivation can be synchronized. Cells were infected with HCMV (TB40/E strain) and allowed to establish latency for 5 days post infection (dpi). To induce reactivation, latently infected cells were treated with 12-Otetradecanoylphorbol-13-acetate (TPA), which promotes monocyte-to-macrophage differentiation and triggers viral reactivation. The IE1 and IE2 proteins were detected immediately after infection but decreased from 2 to 5 dpi to levels below the limit of detection ( Figure 1A ), consistent with the establishment of latency. IE1 and IE2 proteins accumulated rapidly following TPA treatment, consistent with viral reactivation. Parallel cultures treated with the solvent control (DMSO) maintained latency, and levels of IE1 and IE2 proteins remained below the limit of detection. The accumulation of IE1 and IE2 transcripts following infection and reactivation in THP-1 cells was measured using quantitative reverse transcriptase PCR (RT-qPCR) and primers detecting spliced IE1 and IE2 transcripts ( Figure 1B , black arrows). The expression of IE1 and IE2 transcripts corresponded to proteins detected at 1 dpi and following reactivation ( Figure 1C) . Surprisingly, using a primer pair to monitor transcription from the MIEP or the 5' distal promoter ( Figure 1B , orange arrows), we detected few transcripts derived from the MIEP/dP at any time after infection or reactivation ( Figure 1C ), although MIEP-derived transcripts accumulated robustly during productive infection of fibroblasts ( Figure  S1 ). The absence of MIEP-derived transcripts following reactivation in THP-1 cells indicates that the re-expression of IE1 and IE2 during reactivation is driven by alternative promoters.
We recently identified two promoters within an intron 3' of the MIEP (intronic promoters, iP1 and iP2) that drive the expression of alternate transcripts encoding IE1 and IE2 (Figures 2A, 2B ) (21) . iPderived transcripts differ from MIEP-derived transcripts in that they lack the non-coding exon 1 Fig. 1 . IE1 and IE2 are expressed during HCMV reactivation but do not arise from the MIEP. A) THP-1 acute monocytic leukemia cells were infected with TB40/E WT HCMV (MOI = 2) and cultured for 5 days to allow the establishment of latency. At day 5, cells were treated with TPA (to promote macrophage differentiation and viral reactivation) or with a DMSO control. Whole cell lysates were collected at the indicated timepoints and IE1 and IE2 protein accumulation was measured by immunoblotting using a monoclonal antibody recognizing both IE1 and IE2 (kind gift, Tom Shenk). Tubulin was used as a loading control. A single experiment (representative of three independent experiments) is shown. B) Schematic of the major immediate early (MIE) locus. The distal promoter (dP) and major immediate early promoter (MIEP) and primers to detect IE1 (spanning exons 3-4), IE2 (spanning exons [3] [4] [5] or MIEP/dP-derived transcripts (including exon 1-2, orange) are indicated. C) IE1, IE2 and MIEP/dP-derived transcripts were detected over a time course following infection and reactivation in THP-1 cells by RT-qPCR. Transcripts are quantified as a ratio over the low copy housekeeping gene hexose-6-phosphate dehydrogenase (H6PD). Data from three independent replicates is shown; error bars indicate standard deviation.
but encode the complete set of distal exons necessary to express full length IE1 or IE2 proteins. Moreover, the intronic promoters are dispensable for viral replication in fibroblasts (21) . Given the minimal activity of the MIEP in hematopoietic cells, we hypothesized that the iP1 and iP2 might contribute to IE1 and IE2 expression during reactivation. We therefore monitored the accumulation of iP1 and iP2-derived transcripts in THP-1 cells using primer pairs that discriminate between the distinct MIE transcripts ( Figure 2B ; sequences in Table S1 ). We found that MIE transcripts were most abundantly derived from iP2 between 1 and 5 dpi and were robustly induced from iP2 following reactivation ( Figures 3C, S2 ). iP1-derived transcripts also increased after reactivation, but to a lower level. Although a small number of MIEP-derived transcripts were detected at 10 -14 days following reactivation ( Figure S2 ), the MIEP appeared to be far less active than either of the intronic promoters. Thus, transcripts originating from iP1 and iP2 account for the overwhelming majority of IE1 and IE2 transcripts in THP-1 cells, suggesting that they play critical roles in the re-expression of IE proteins ( Figure 1A ) and reactivation from latency in hematopoietic cells.
To determine the significance of iP1 and iP2 for viral reactivation, we constructed recombinant viruses containing deletions surrounding the transcription start sites of iP1 (∆iP1) and iP2 (∆iP2) ( Figure S3A ). We also generated a mutant virus lacking both iP1 and iP2, ∆iP(1+2). Each mutant virus replicated with similar kinetics and to similar peak titers as the parental wildtype virus ( Figure S3B ), and efficiently expressed IE1 and IE2 ( Figure S3C ) during productive infection in fibroblasts. Together, these data indicate that the intronic MIE locus promoters are dispensable for expression of lytic cycle transactivators and for virus replication in fibroblasts.
We next compared the accumulation of transcripts derived from the MIEP, iP1, or iP2 during reactivation in THP-1 cells infected with wildtype (WT) or with each mutant virus ( Figure 3A) . Both iP1-and iP2-derived transcripts were diminished following reactivation in ∆iP1 infection. iP2-derived transcripts were diminished following reactivation in ∆iP2 infection; however, we could not measure iP1 transcript levels since the ΔiP2 mutation deleted the primer binding site for iP1-derived transcripts. Deletion of both iP1 and iP2 similarly diminished levels of iP2-derived transcripts following reactivation. MIEP-derived transcripts were detected The distal promoter (dP), the major immediate early promoter (MIEP), intronic promoter 1 (iP1), and intronic promoter 2 (iP2) give rise to transcripts encoding full length IE1 and IE2. Transcription start sites for each promoter are depicted with raised arrows. B) Schematic of the 5' ends up to and including exon 2 of IE transcripts derived from the MIE promoters. The translation start site (AUG) is marked in exon 2. Mature mRNAs encoding IE1 and IE2 will also include exons 3 and 4 or 3 and 5, respectively. Primer pairs designed to detect discreet transcripts by RT-qPCR (dP/MIEP = orange, iP1 = blue; iP2 = teal) are shown. A common reverse primer (black arrow) was used to amplify dP/MIEP and iP2-derived transcripts. C) THP-1 cells were infected with TB40/E WT HCMV (MOI = 2) and cultured for 5 days to promote the establishment of latency. At day 5, cells were treated with TPA (to promote macrophage differentiation and viral reactivation) or with a DMSO control. MIEP/dP, iP1-, and iP2-derived transcript accumulation was quantified relative to the low copy H6PD housekeeping gene by RT-qPCR. Data from three independent replicates is shown; error bars represent standard deviation.
at very low levels, if at all, in all infections. Consistent with the defect in IE1 and IE2 mRNA levels, deletion of iP1 and/or iP2 resulted in a striking decrease in accumulation of IE proteins after reactivation relative to the WT infection ( Figure 3B ). The failure of the recombinant viruses to reactivate could not be attributed to a defect in maintenance of latent infection, as viral genomes were maintained from 1 to 5 dpi with each virus ( Figure 3C ). From these results, we conclude that ΔiP mutant viruses establish a latent infection but are unable to reinitiate the expression of viral lytic cycle transactivators in response to a canonical reactivation stimulus, TPA.
Primary CD34+ HPCs are considered the 'gold standard' model for HCMV latency and reactivation (22) (23) (24) (25) (26) . To evaluate whether iP1 and iP2 are required for reactivation in CD34+ HPCs, pure populations of infected (GFP+) CD34+ HPCs were isolated by cell sorting and seeded in long-term cultures over a stromal cell support to allow the establishment of latency (27). After 10 days, half of the culture was seeded by limiting dilution onto fibroblasts in a cytokine-rich media to promote differentiation and reactivation. The other half of the culture was mechanically lysed to quantify the amount of infectious virus produced prior to the reactivation event. The wildtype virus established latency and reactivated when co-cultured with Fig. 3 . iP mutant viruses fail to re-express IE1 and IE2 following reactivation in THP-1 cells. THP-1 cells were infected with TB40/E WT, ΔiP1, ΔiP2 or ΔiP(1+2) HCMV (MOI = 2) and cultured for 5 days to promote the establishment of latency. At day 5, cells were treated with TPA or DMSO as a control to promote monocyte-tomacrophage differentiation and viral reactivation. A) RNA was isolated, and RT-qPCR was performed to monitor accumulation of iP1-, iP2-, and MIEP-derived transcripts relative to the low copy housekeeping gene H6PD. Data from three independent replicates is shown; standard deviation is depicted by error bars. B) Accumulation of IE1 and IE2 protein was measured during latency and following reactivation by immunoblotting using mouse monoclonal antibodies recognizing both IE1 and IE2. Tubulin was used as a loading control. A single experiment (representative of three independent experiments) is shown. C) Total DNA was isolated at days 1 and 5 during the latency period, and viral genomes were quantified by qPCR using a primer pair specific to the non-coding 2.7 region of the HCMV genome relative to BAC standard curve. Bars represent fold change over the number of viral genomes present at day 1 for each virus. Data from three independent replicates is shown; standard deviation is depicted by error bars. Fig. 4 . The intronic promoters are required for reactivation of HCMV from latency in CD34+ HPCs. CD34+ HPCs were infected with TB40/E WT, ΔiP1, ΔiP2, and ΔiP(1+2) expressing GFP as a marker for infection for 24 hours at an MOI of 2. Pure populations of infected (GFP+) CD34+ cells were isolated by FACS and maintained in long-term bone marrow culture for 10 days. Viable CD34+ HPCs were seeded by limiting dilution onto monolayers of permissive fibroblasts in a cytokine-rich media to promote myeloid differentiation (reactivation, dark gray). An equivalent number of cells was mechanically lysed and seeded in parallel to determine the infectious virus present in the culture prior to reactivation (pre-reactivation, light gray). The frequency of infectious centers formed pre-and postreactivation was determined 14 days later by extreme limiting dilution analysis from the fraction of GFP+ wells at each dilution. Data is expressed as fold change over the frequency of infectious centers produced by the wildtype virus prior to reactivation. Data from three independent replicates is shown; standard error is depicted by error bars. Statistical significance was determined by multiple t tests comparing each mutant virus to the wildtype parental virus (* indicates a p value ≤ 0.05; ** indicates a p value ≤ 0.005).
fibroblasts, represented by a 3-fold increase in the frequency of infectious centers formed ( Figure 4A ). However, each of the ΔiP-mutant viruses exhibited a significant defect in reactivation. These results establish the requirement for the iP1 and iP2 promoters for efficient HCMV reactivation.
Collectively, these findings indicate a significant shift away from the long-held paradigm that viral reactivation requires de-repression of the MIEP to drive IE1 and IE2 expression, and subsequent reentry into the virus lytic cycle. Rather, we find that the majority of IE1 and IE2 expression upon reactivation is driven from recently identified promoters within intron A of the MIE transcriptional locus. Deletion of these promoters results in a striking defect in reactivation in both the THP-1 cell line and primary CD34+ HPC latency models. The cellular and/or viral factors that regulate intronic promoter activity during reactivation are currently unknown. Our data suggest that defining such factors will be critical to understanding the molecular events controlling HCMV latency and reactivation. 
